Biotechnology offers a sustainable approach to many industrial and environmental applications of economic benefit. Microbial biodiversity, particularly in extreme or polluted ecosystems, offers an opportunity to extract novel genes and proteins for industrial and environmental applications. China offers an extensive source of such biodiversity. Glyphosate is a broadspectrum herbicide that blocks plant growth by inhibiting 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase (AroA) (8, 29) . AroA is a key enzyme involved in aromatic amino acid biosynthesis. It catalyzes an unusual reaction between shikimate-3-phosphate (S3P) and phosphoenolpyruvate (PEP), with transfer of the carboxyvinyl moiety from PEP to S3P to form EPSP and inorganic phosphate (11) . Glyphosate inhibits AroA in a slowly reversible reaction, which is competitive versus PEP and noncompetitive versus S3P (2, 30) . Glyphosate binds to the binding site for PEP and forms a stable ternary complex with the enzyme and S3P (AroA-S3P-glyphosate) (23) . This ternary complex represents the actual enzymebound form of glyphosate, which is responsible for its herbicide activity (26) .
Two classes of AroA have been reported (1) . Class I includes AroA enzymes from Escherichia coli, Aeromonas salmonicida, Petunia petunia, and Arabidopsis thaliana. Class I enzymes are naturally sensitive to glyphosate. Their mutants with tolerance to glyphosate can be generated by different methods (4, 10, 20) . For example, highly glyphosate tolerant AroA has been produced by a G96A substitution in the aroA gene of Escherichia coli (20) . However, glyphosate tolerance in class I enzymes is often paralleled by a decrease in the affinity of AroA synthase for PEP (1, 26) . Class II AroA enzymes, which share less than 30% amino acid identity with class I AroA enzymes, have been identified from Agrobacterium tumefaciens CP4, Bacillus subtilis, and Pseudomonas sp. strain PG2982. In contrast to class I enzymes, class II enzymes usually have not only high affinity for PEP but also natural tolerance to glyphosate (1) .
In this study, we have retrieved a novel AroA-encoding gene (aroA) from a Pseudomonas putida strain isolated from a soil heavily contaminated by glyphosate in China. Sequence analysis shows that this novel enzyme has less than 30% amino acid identity to both class I and class II AroA enzymes. This enzyme has similar K m [S3P] and K m [PEP] values, but a much higher K i [glyphosate] value, compared with Escherichia coli AroA.
MATERIALS AND METHODS
Medium and chemicals. S3P (barium) was a gift from Nikolaus Amrhein (ETH Zürich, Zürich, Switzerland). Glyphosate (free acid form) and PEP were purchased from Sigma. All chemicals were of analytical grade. The minimal medium used for the glyphosate tolerance test was M63 (16) supplemented with 0.4% glucose as a carbon source plus 100 g/ml vitamin B 1 and an appropriate antibiotic.
Isolation of microorganisms. Isolation of the glyphosate-tolerant strains was undertaken using an inoculum of heavily contaminated soil from a glyphosateproducing factory in Hebei province, China. Soil samples were suspended in 0.9% (wt/vol) NaCl solution, diluted, and spread onto M63 plates containing 60 mM glyphosate. Dozens of colonies were isolated after 2 days of incubation at 28°C and were further screened on M63 plates in the presence of higher concentrations (120 mM and 200 mM) of glyphosate. One strain, 4G-1, grew well in the presence of 200 mM glyphosate and was chosen for further studies.
Isolation of the gene involved in glyphosate tolerance. Chromosomal DNA was isolated from strain 4G-1 and was subsequently partially digested with Sau3AI to produce 30-to 40-kb fragments. These DNA fragments were dephosphorylated and ligated with the SuperCos 1 cosmid vector (Stratagene). The resulting ligation mixture was packaged with GIGAPACK III packaging extract (Stratagene), and thus a genomic library was constructed as described by the manufacturer. Escherichia coli XL1-Blue MR colonies carrying the cosmid library were spread onto M63 agar plates containing 120 mM glyphosate and were FIG. 1. Sequence alignment and phylogenetic analysis of AroA P. putida with class I and class II AroA proteins. (A) Multiple sequence alignment performed using T-Coffee (19) with minor manual adjustments. Asterisks, identical residues; periods, conserved residues; colons, strongly conserved residues. Triangles and circles, residues important for S3P binding and PEP binding, respectively, in AroA E. coli (23, 25) . Domains important for glyphosate tolerance and maintenance of productive PEP binding in class II AroA are shaded (1) . (B) Phylogenetic tree of AroA constructed using DNASTAR based on the results of alignment with T-Coffee. The tree suggests that AroA P. putida (P. putida; AJ812018) has less than 30% identity to class I and class II AroA proteins. Class I AroA proteins shown are from E. coli (P07638), Aeromonas salmonicida (Q03321), Arabidopsis thaliana (P05466), Nicotiana tabacum (P23981), Petunia hybrida (P11043), Zea mays (CAA44974), and Bordetella pertussis (P12421). Class II AroA proteins shown are from Pseudomonas sp. strain PG2982 (P56952), Agrobacterium tumefaciens CP4 (Q9R4E4), Bacillus subtilis (P20691), Staphylococcus aureus (Q05615), Dichelobacter nodosus (Q46550), and Streptococcus pneumoniae (Q9S400).
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incubated at 37°C overnight. One glyphosate-resistant colony was obtained, which contained a cosmid with an insert of approximately 35 kb and was designated pBD1. The pBD1 cosmid DNA was prepared, partially digested with Sau3AI, and ligated into the pUC18 vector (18) . The ligation mixtures were transformed to the Escherichia coli aroA mutant strain AB2829 (22) and screened on M63 agar plates supplemented with 120 mM glyphosate. One colony harboring a plasmid (designed pBD2) with a ϳ2.0-kb insert fragment was selected. The insertion fragment contained in pBD2 was subsequently sequenced. Expression of His-tagged AroA from Pseudomonas putida 4G-1 and N-terminal amino acid sequencing. A DNA fragment containing the entire coding region of AroA was obtained by PCR using pBD2 as a template with the following two primers based on pBD2: primer 1 (5Ј-GCTCTAGAAGTGTTGGAACAATAT G-3Ј) and primer 2 (5Ј-GTTACTCGAGTGAGAAATTAAATTGATGGTTT-3Ј) (the introduced restriction enzyme sites are underlined). Primer 2 contains a mutation where the stop codon TGA was replaced with CTC. The fragment was digested with XbaI and XhoI, cloned into the corresponding restriction sites of pET-28a (Novagen, Inc.), and confirmed by DNA sequencing. The plasmid was transformed to Escherichia coli BL21(DE3) (Novagen, Inc.) to express the Histagged AroA. The protein was purified using a HisTrap HP kit (Amersham Biosciences) according to the manufacturer's instructions. The protein was further purified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted onto a polyvinylidene difluoride membrane for N-terminal protein sequencing using an Applied Biosystems Procise sequencer.
Construction of recombinant plasmids. Primers 3 (5Ј-CGGGATCCTAAGT AAGTGAAAGTAACAATACAGC-3Ј) and 4 (5Ј-CGGGATCCCTTCTTCGG ACAATGACAGAC-3Ј), specific for aroA, were designed based on the sequence of pBD2; primers 5 (5Ј-CGGGATCCGTTAATGCCGAAATTTTGCTTAATC-3Ј) and 6 (5Ј-CGGGATCCAGGTCCGAAAAAAAACGCCGAC-3Ј), specific for the aroA gene of Escherichia coli, were designed based on the sequence available in GenBank. BamHI sites were introduced into the forward and reverse primers (one into each primer) in order to ligate fragments with the pACYC184 vector (3). When pBD2 and Escherichia coli ET8000 genomic DNA (15) were used as templates, the aroA gene fragments from Pseudomonas putida 4G-1 and Escherichia coli were PCR amplified, BamHI digested. and ligated into the pACYC184 vector. Plasmids with the aroA gene and Tet r promoter in the same direction were chosen in order to ensure that the aroA genes would be driven by the Tet r promoter of pACYC184 (designated pACYC-aroA P. putida and pACYCaroA E. coli , respectively). In addition, a glyphosate-tolerant mutant (G96A) (20) of aroA E. coli (designated pACYC-aroA E. coli -G96A) was constructed using the method of PCR overlap extension (12) .
Cell growth in the presence of glyphosate. The Escherichia coli aroA mutant strain AB2829 harboring either pACYC-aroA P. putida , pACYC-aroA E. coli , or pA-CYC-aroA E. coli -G96A was grown with shaking at 37°C in liquid M63 minimal medium supplemented with glyphosate at various concentrations ranging from 0 to 100 mM. Cell densities were measured by attenuance at 600 nm (D 600 ).
Preparation of crude AroA. The Escherichia coli aroA mutant strain AB2829 containing either pACYC-aroA P. putida , pACYC-aroA E. coli , or pACYC-FIG. 2. Backbone traces of AroA proteins from P. putida 4G-1, E. coli, and S. pneumoniae. (A) Backbone C␣ atom trace of AroA P. putida . The structure was modeled by SWISS-MODEL based on the structures of AroA E. coli and AroA S. pneumoniae (9, 21, 23) and was drawn with SwissPdbViewer (24, 28) . (B) Backbone C␣ atom traces of AroA P. putida (green) and AroA E. coli (pink) (9, 23 aroA E. coli -G96A was grown in 300 ml LB broth. When the D 600 reached 2.5, the cells were collected by centrifugation and resuspended in 30 ml 50 mM Tris-HCl buffer (pH 7.0)-0.2 mM dithiothreitol. The cell suspension was lysed using a French press. The crude homogenate was clarified by centrifugation at 8,000 rpm and 4°C for 10 min. Ammonium sulfate was added to the supernatants to 35% saturation, and the resulting precipitate was removed by centrifugation. The supernatant was brought to 70% saturation with ammonium sulfate and the precipitate collected by centrifugation. The precipitate was dissolved in 50 mM Tris-HCl (pH 7.0)-0.1 mM dithiothreitol. The samples were dialyzed overnight in 50 mM Tris-HCl (pH 7.0)-0.1 mM dithiothreitol. Enzyme assay. AroA activity was measured by the production of inorganic phosphate using the malachite green dye assay method (14) . The standard reaction was carried out at 28°C in a final volume of 50 l containing 50 mM HEPES (pH 7.0), 1 mM S3P, 1 mM PEP, and the crude enzyme. After incubation for 1 to 5 min, 800 l of malachite green-ammonium molybdate colorimetric solution was added, and 1 min later, 0.1 ml of a 34% sodium citrate solution was added to stop the reaction. After a 30-min incubation at room temperature, absorbances of samples were measured at 660 nm. In this case, the same reaction solution without S3P was used as the zero control.
Nucleotide sequence accession number. The sequence of the ϳ2.0-kb insert of pBD2 is available from EMBL under accession number AJ812018.
RESULTS

Isolation and identification of the glyphosate-tolerant strain 4G-1.
A total of 48 strains that can grow on M63 plates containing 60 mM glyphosate have been isolated from heavily contaminated soil (see Materials and Methods); 13 of these can grow in the presence of 120 mM glyphosate. One, strain 4G-1, grows well on M63 plates in the presence of 200 mM glyphosate. 4G-1 is a gram-negative bacterium, and Biolog profiling showed that it was most similar to Pseudomonas putida. Its 16S rRNA gene sequence (1,501 bp) confirmed that isolate 4G-1 was strongly related to Pseudomonas putida (99.86%). Therefore, strain 4G-1 was assigned to Pseudomonas putida.
Cloning of the gene involved in glyphosate tolerance. To isolate the gene involved in glyphosate tolerance from Pseudomonas putida 4G-1, a genomic library was constructed from this strain and further screened (see Materials and Methods). Of approximately 3,000 ampicillin-resistant Escherichia coli XL1-Blue MR colonies, 1 colony was observed to have the ability to grow on an M63 agar plate supplemented with 120 mM glyphosate. The cosmid DNA isolated from this colony was subcloned into the pUC18 vector, and one of the resulting plasmid subclones (pBD2) could support the growth of the Escherichia coli aroA mutant strain AB2829 on M63 agar plates supplemented with 120 mM glyphosate. This result suggests that pBD2 may encode an aroA gene that may also be involved in glyphosate tolerance.
Sequence and functional analysis of the aroA gene of Pseudomonas putida 4G-1. The ϳ2.0-kb insert of pBD2 was sequenced and analyzed. One open reading frame (ORF), designated ORF431, was deduced; it contains a single peptide of 431 amino acids that starts with a possible GUG start codon. It shares 28% identity with AroA of Escherichia coli. Therefore, ORF431 encodes an AroA protein, and it was designated aroA.
In order to eliminate the possibility that the flanking regions of ORF431 in pBD2 may also be required for glyphosate tolerance, a PCR experiment was carried out to amplify only the sequence encoding ORF431 from pBD2. The resulting DNA fragment was subsequently cloned into pACYC184, resulting in plasmid pACYC184-aroA P. putida . When this plasmid was transformed into the Escherichia coli aroA mutant strain AB2829, it was able to complement its aroA mutation for growth on M63 minimal medium supplemented with 120 mM glyphosate.
To determine whether ORF431 was translated, AroA H6 P. putida , containing an 8-amino-acid C-terminal extension terminating with His 6 , was expressed and purified. The molecular size of the predicted product of ORF431 (47 kDa) agreed well with that of the purified AroA H6 P. putida (47 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis) (data not shown). The N-terminal amino acid sequence of AroA H6 P. putida was further determined as M-K-V-T-I-Q-P-G-D-L by automated Edman degradation. The result confirmed that the initiator codon of AroA P. putida is GUG, which is used as a start codon in less than 10% of bacterial genes (13) .
Multiple sequence alignment showed that AroA P. putida has only Ͻ30% identity to both class I and class II AroA enzymes (Fig. 1) . However, the residues involved in PEP and S3P binding are all highly conserved in AroA P. putida and class I AroA enzymes, whereas these residues are not so conserved in class II AroA enzymes. The domains that are important for glyphosate tolerance and maintenance of productive PEP binding in class II AroA enzymes were not found in AroA P. putida (1) (Fig.  1A) . This indicates that AroA P. putida is more closely related to class I AroA enzymes, though phylogenetic analysis revealed that AroA P. putida belongs neither to class I nor to class II (Fig.  1B) . Structure of Pseudomonas putida AroA. The structure of AroA P. putida was modeled by SWISS-MODEL and drawn with Swiss-PdbViewer (9, 24) . It is very similar to the known structure of AroA (21, 23, 28) . The protein folds to two similar globular inside-out ␣-␤-barrel domains, which are connected by a two-stranded hinge (Fig. 2) . AroA P. putida has 28% amino identity to Escherichia coli AroA and 27% amino identity to Streptococcus pneumoniae AroA (Fig. 1) ; however, the structure of AroA P. putida is much more similar to that of Escherichia coli AroA than to that of Streptococcus pneumoniae AroA (Fig.  2) . The results also suggested that AroA P. putida is more closely related to class I AroA enzymes.
Growth of cells in the presence of glyphosate. The growth curves of the Escherichia coli aroA mutant AB2829 harboring plasmid pACYC-aroA E. coli , pACYC-aroA E. coli -G96A, or pACYC-aroA P. putida are shown in Fig. 3 . The cells were grown in liquid M63 minimal medium containing various concentrations of glyphosate. The results show that all cells grew well in M63 medium without glyphosate. The growth of cells harboring pACYC-aroA E. coli was strongly inhibited at 50 or 100 mM glyphosate. In contrast, cells harboring pACYC-aroA E. coli -G96A or pACYC-aroA P. putida grew well at 50 or 100 mM glyphosate. The result suggested that aroA P. putida encodes a highly glyphosate tolerant AroA.
Kinetic properties of AroA variants. Protein extracts were prepared from Escherichia coli aroA mutant AB2829 cells containing different plasmids harboring different aroA genes and were assayed for AroA activity. As a control, only traces of EPSP synthase activity were detected in crude extracts of Escherichia coli aroA mutant AB2829 host cells with the pACYC184 vector. Compared with AroA E. coli , AroA P. putida showed a 300-fold-higher K i [glyphosate] value and a similar K m [S3P] value (Table 1 ). Its K m [PEP] was similar to that of AroA E. coli and 23-fold less than that of AroA E. coli -G96A (Table 1 ). The purified AroA E. coli and AroA P. putida with the His tag showed similar kinetic parameters as crude enzymes (data not shown). These results further exemplify the natural tolerance of AroA P. putida to glyphosate and its high affinity for PEP.
DISCUSSION
In this study, a novel aroA gene was retrieved from a Pseudomonas putida strain, 4G-1, isolated from an extremely polluted environment in China; its product (AroA P. putida ) has natural glyphosate tolerance. AroA P. putida shows only 28% identity to Pseudomonas putida KT2440 AroA (17) (data not shown). The 1,914-bp fragment contained in pBD2 has a 44.5% GϩC content, in contrast to the 61.6% GϩC content of the Pseudomonas putida KT2440 genome (17) . Differences in GϩC content have been suggested to imply lateral gene transfers (7) . Pseudomonas putida has been reported to have acquired genes via lateral gene transfer among soil microbial communities (27, 31) . It may be the case that Pseudomonas putida 4G-1 acquired this novel aroA gene from other organisms recently via horizontal gene transfer.
Sequence analysis and structure modeling had shown that AroA P. putida does not belong to class II AroA enzymes, which have natural glyphosate tolerance. Though AroA P. putida is related to class I AroA proteins, it did not have the motifs that confer glyphosate tolerance in class I AroA (Fig. 1A) (4, 20) . Inhibition of AroA by glyphosate has been shown to proceed through the formation of a stable but noncovalent AroA-S3P-glyphosate ternary complex (23) . It has been reported that the glyphosate binding site is identical to the binding site for PEP (6, 23) . However, the Gly96-to-Ala mutation of Escherichia coli AroA confers glyphosate insensitivity without changing the PEP binding site (20) . This is due to an additional methyl group in position 96 of AroA E. coli that has an indirect effect on glyphosate binding (5). Compared with AroA E. coli , AroA P. putida has an identical PEP binding site and even an identical S3P binding site (Fig. 1) . AroA P. putida probably has some residues that exert an indirect effect on glyphosate binding, leading to glyphosate tolerance. Since AroA P. putida is more closely related to class I AroA enzymes, studies on the mechanism of glyphosate tolerance of AroA P. putida may help us to obtain a new type of class I AroA proteins that not only show high tolerance to glyphosate but also have high affinity for PEP.
The special structure of AroA P. putida is expected to facilitate the study of the mechanism and function of AroA. Mutagenesis of AroA P. putida to study the different characteristics of this novel AroA is under way. The high glyphosate tolerance of AroA P. putida may also be invaluable for the generation of transgenic crops resistant to glyphosate. 
